We describe a system for culturing human embryonic stem (hES) cells and induced pluripotent stem (iPS) cells on a recombinant form of human laminin-511, a component of the natural hES cell niche. The system is devoid of animal products and feeder cells and contains only one undefined component, human albumin. The hES cells self-renewed with normal karyotype for at least 4 months (20 passages), after which the cells could produce teratomas containing cell lineages of all three germ layers. When plated on laminin-511 in small clumps, hES cells spread out in a monolayer, maintaining cellular homogeneity with approximately 97% OCT4-positive cells. Adhesion of hES cells was dependent on a6b1 integrin. The use of homogeneous monolayer hES or iPS cell cultures provides more controllable conditions for the design of differentiation methods. This xeno-free and feederfree system may be useful for the development of cell lineages for therapeutic purposes.
l e t t e r s
We describe a system for culturing human embryonic stem (hES) cells and induced pluripotent stem (iPS) cells on a recombinant form of human laminin-511, a component of the natural hES cell niche. The system is devoid of animal products and feeder cells and contains only one undefined component, human albumin. The hES cells self-renewed with normal karyotype for at least 4 months (20 passages), after which the cells could produce teratomas containing cell lineages of all three germ layers. When plated on laminin-511 in small clumps, hES cells spread out in a monolayer, maintaining cellular homogeneity with approximately 97% OCT4-positive cells. Adhesion of hES cells was dependent on a6b1 integrin. The use of homogeneous monolayer hES or iPS cell cultures provides more controllable conditions for the design of differentiation methods. This xeno-free and feederfree system may be useful for the development of cell lineages for therapeutic purposes.
Establishment of a chemically defined xeno-free (animal substancefree) and feeder cell-free environment that supports the self-renewal of hES cells has been a major goal in the field since hES cells were first derived and cultured on fetal mouse fibroblasts 1 . The presence of animal proteins, undefined human proteins or feeder cells in human stem cell cultures can cause problems related to immunogenicity, microbial and viral contamination and variability of experimental results [2] [3] [4] . A chemically defined cell culture system devoid of nonhuman substances and feeder cells would benefit human stem cell research and support the production of cells for future therapy. Extracellular matrix proteins, particularly basement membrane components, are an important part of in vivo niches for the differentiation, phenotype maintenance and function of many types of somatic and stem cells. These proteins have been shown to influence cellular differentiation, adhesion, proliferation, migration and self-renewal of cells. Laminins, the main component of basement membranes, are a family of heterotrimeric glycoproteins composed of α, β and γ chains that exist, respectively, as five, three and three genetically distinct types forming 15 different combinations in human tissues 5 .
They are named according to chain composition; for example, LN-511 consists of α5, β1 and γ1 chains. Different laminins show various spatio-temporal expression patterns as well as tissue-specific locations and functions. Thus, LN-211 and LN-221 are primarily present in basement membranes of muscle cells and motor-neuron synapses 6 , LN-111 is restricted to the early embryo and certain epithelial cells 7 , LN-332 is specific for subepithelial basement membranes 8 , LN-411 is located in subendothelial basement membranes 9 and LN-511 is practically ubiquitous 10 . Laminins are the first matrix proteins expressed in the embryo 11 ; they are already apparent at the two-cell stage 12 .
Matrix proteins have been used as coating substrata for in vitro cultures of hES cells in numerous studies, but they have usually been applied as undefined protein mixtures 13, 14 , with undefined media 2 or in short-term experiments 15, 16 . Matrigel, a mouse tumor extract, is the most common non-feeder cell coating used for hES cell cultures. Matrigel contains mainly LN-111, type IV collagen, perlecan and nidogen, but also growth factors, and its composition varies from batch to batch. Apart from mouse LN-111, laminins are difficult or impossible to isolate in native form from tissues, and they can be produced only in minute amounts from normal cells. Only recently have some human laminins been produced as recombinant proteins [17] [18] [19] . We have shown that LN-511 and LN-332 support proliferation of mouse ES cells during long term passage, but that only LN-511 facilitates expansion of pluripotent cells that generate germline-competent chimeric mice upon blastocyst injection 20 . Mouse ES cell results cannot be extrapolated directly to human cells, as expression of cytokines, cell cycle regulation and mechanisms of self-renewal differ between human and mouse ES cells 21, 22 . One group has reported 14 a feederfree and xeno-free hES cell culture system containing human albumin and a culture dish-coating mixture consisting of collagen IV, vimentin, fibronectin and human placenta laminin, which includes partially degraded polypeptides from several laminin types and other basement membrane proteins 23 , but the component(s) providing selfrenewal remain unknown.
We cultured hES cell lines HS420, HS207, HS401 (ref. 24 ) and two human iPS cell lines, BJ#12 and LDS1.4, on human recombinant long-term self-renewal of human pluripotent stem cells on human recombinant laminin-511 6 1 2 VOLUME 28 NUMBER 6 JUNE 2010 nature biotechnology l e t t e r s LN-511 for long periods. The media used were O3, a variant of the chemically defined mTeSR1 medium 14 containing BSA as the only animal-derived component; and H3, a variant of chemically defined, xeno-free TeSR1 medium 14 containing human serum albumin. Control cells were cultured on Matrigel in O3 or on feeder cells in a serum replacement-based medium.
To compare adhesion properties of hES cells, we performed cell adhesion assays on LN-511, LN-332, LN-411, LN-111, Matrigel or poly-d-lysine substrata (Fig. 1a,b) . The average contact area of an adherent hES cell grown on LN-511 was about 1.6 times larger than that of cells plated on Matrigel and about 1.2 times larger than that of cells plated on LN-332 (Fig. 1b) . hES cells spreading on the other coatings had significantly smaller adherence areas than on LN-511.
Several hES cell lines express laminin α5, β1 and γ1 chains 16, 25 . To determine whether this is a unique property of those lines, we performed RT-PCR on cDNA of the HS207, HS420 and HS401 lines. Transcripts for laminin α5, β1 and γ1 chains along with α1, α2 and β2 were detected, demonstrating that LN-511 is expressed by all three lines (Fig. 1c) . In agreement with previous reports, expression of α3 and β3 laminin chains was not observed, suggesting that LN-332 is not produced by pluripotent hES cells.
Adhesion-blocking assays with function-blocking antibodies showed that α6 and β1 integrins were the most important ones for LN-511 binding (Fig. 2a) . To further explore integrin expression of hES cells, we immobilized antibodies to integrin on plastic and identified antibodies that could bind and maintain attachment of hES cells. β1 integrin antibodies provided the strongest adhesion, whereas β2, β3 and β4 antibodies bound with 19% efficacy or less (Fig. 2b) . Immunofluorescence staining confirmed expression and colocation of α6 and β1 integrin subunits in undifferentiated (SOX2-positive) hES cells (Fig. 2c) .
The three hES cell lines HS207, HS420 and HS401 cultured on LN-511 in O3 or H3 media proliferated robustly for at least 28 passages (5-6 months in culture). The cells could be passaged in small clumps every 6-7 d in 1:2 to 1:6 ratios; the cells showed similar proliferation rates and phenotypes in both media. hES cells grown on LN-511 proliferated at a stable rate similar to that of cells grown on Matrigel (Fig. 3a) . Karyotypes were normal after 20 passages ( Supplementary  Fig. 1 ). Immunofluorescence and RT-PCR analyses revealed that hES cells maintained high expression levels of pluripotency markers, such as OCT4, Nanog and SOX2 (Fig. 3b,c) .
Expression of pluripotency markers was quantified by real-time quantitative RT-PCR and quantitative western blot analysis and compared between cells grown on LN-511, Matrigel or feeder cells (Fig. 3d,e) . hES cells grown on LN511 showed stable expression levels of OCT4, SOX2 and Nanog that were higher than those in cells plated on Matrigel but similar to levels when grown on feeder cells. The majority of hES cells cultured on LN-511 expressed the pluripotency markers OCT4, SSEA-4, TRA-1-60 and TRA-1-81 while expressing only a small amount of SSEA-1 ( Fig. 3f and Supplementary Fig. 2 ). The cells cultured on Matrigel had slightly lower numbers of OCT4-positive and SSEA-4-positive cells (Supplementary Fig. 3 ).
The hES cells were passed in small clumps, not as cell suspensions. However, on the following day they had already spread over the surface as a monolayer (appearing as thin disks), suggesting that affinity to the LN-511-coated surface was similar to or even higher l e t t e r s than the adhesion between cells. Usually the cells first formed a monolayer, but later could grow on top of each other.
To assess the level of spontaneous differentiation in hES cultures on LN-511, Matrigel or feeders, we compared expression levels of the differentiation markers PAX6, SOX17 and SOX7. Real-time quantitative RT-PCR revealed similar levels of expression of all three markers in LN-511 cultures after 20 passages (4 months) and Matrigel cultures after 4 passages (1 month) (Supplementary Fig. 4) .
To explore whether LN-511 can be used to derive new hES cell lines, we isolated the inner cell masses (ICMs) of day 6 or day 7 blastocysts and plated them on LN-511. In H3 medium, in a completely xeno-free environment, 10 of 12 plated ICMs successfully attached, of which five gave outgrowths ( Supplementary Fig. 5 and Supplementary Table 1) . In mTeSR1 medium supplemented with LN-511 (1 mg ml −1 in solution in addition to the laminin-511 used for coating the dish), all nine ICMs used in the experiment attached and gave outgrowths (Supplementary Table 1) .
HS207, HS420 and HS401 cells cultured, respectively, for 15, 20 and 20 passages on LN-511 in O3 medium, and HS207 cells cultured for 23 passages in H3 medium, formed teratomas after they were grafted into the testes of severe combined immunodeficiency (SCID) mice. Histological examination confirmed the ability of the cells to differentiate into cells of all three germ lineages of the human embryo ( Fig. 4a-d) . Cells of all three hES lines grown for 20 passages on LN-511 in O3 medium expressed markers of mesoderm (smooth-muscle actin), ectoderm (nestin and MAP-2) and endoderm (α-fetoprotein) (Fig. 4e) , providing additional evidence of pluripotency.
To determine whether LN-511 generally supports self-renewal of hES and iPS cells, we cultured the widely used H1 and H9 hES lines as well as two iPS cell lines on LN-511 in O3 or mTeSR1 media. The H1 and H9 cells had phenotypes and proliferation rates similar to those of HS207, HS420 and HS401 cells under the same conditions. Immunofluorescence analysis revealed that the H1 and H9 cells maintained expression of pluripotency markers, such as OCT4, Nanog, SOX2 and SSEA-4 ( Fig. 5a and Supplementary Fig. 6a ) after five passages (1 month). Similar results were obtained with the BJ#12 (ref. 26 ) and LDS 1.4 iPS cell lines, which expressed pluripotency markers OCT4, Nanog, SOX2 and TRA-1-60 ( Fig. 5b and Supplementary  Fig. 6b,c) . The level of Nanog expression was similar to that of the same cells grown on Matrigel (Supplementary Fig. 6c) .
The present results demonstrate that LN-511 provides an artificial niche supporting the survival and self-renewal of pluripotent human stem cells in culture in a xeno-free environment for l e t t e r s at least 20 passages, or 4 months. LN-511 appears to be part of the stem cell niche in the human embryo, as it is expressed in the ICM of blastocysts 27 , from which hES cells originate. Furthermore, LN-511 is present in hES cell colonies cultured in vitro on feeder cells 25 , and hES cells themselves express LN-511 (Fig. 1c) 20 . Notably, we found that hES cells formed monolayers after being passaged in clumps to new LN-511-coated plates. This suggests that LN-511 provides the cells with a migration potential in the absence of differentiation. Monolayers of hES cells should be beneficial for the development of differentiation procedures, as equal availability of soluble factors can create more homogeneous populations of differentiated cells. All hES cell populations contain a proportion of differentiated cells, probably owing to spontaneous differentiation, but in this study the proportion of undifferentiated hES cells grown on LN-511 was high and stable throughout the whole experiment (Fig. 3f) .
The results support previous findings 16 that β1 integrins, primarily α6β1, have a pivotal role in the binding of hES cells to the matrix (Fig. 2a,b) . We surmise that hES cells abundantly expressing α6β1 integrins can attach quickly and migrate efficiently an LN-511-coated surface, which, in turn, facilitates their self-renewal. Hence, the role of LN-511 could be to provide hES cells with focal adhesion contacts to the surface and to enable mobility. The fact that LN-511 expression is not restricted to early embryos, but rather LN-511 is a ubiquitous basement-membrane component, supports this hypothesis.
There is a great need for chemically defined, xeno-free, feederfree culture systems for hES cells 28 . The human LN-511 coating may therefore have considerable advantages for the standardization of stable hES cell cultures. A chemically defined substratum is preferable to feeder cells because feeders vary in their production of bioactive molecules, such as cytokines, growth factors and other unknown proteins, and they carry a risk of microbial and viral contamination. A defined environment for culturing hES cells may be helpful in investigating the molecular mechanisms of differentiation and in designing more reproducible methods for differentiation. HES cell conditions based on recombinant proteins may also be more acceptable to regulatory authorities in many countries. 
ONLINE METhOdS
hES and iPS cell cultures. hES cells of HS207, HS420 and HS401, originally derived in our laboratory at the Karolinska Institute, as described previously 3, 29 , were cultured on LN-511-coated laboratory dishes in chemically defined O3 medium (a variant of mTeSR1 medium 14 ; see below) and chemically defined, xeno-free H3 medium (a variant of TeSR medium 14 ; see below) at 37 °C in 5% CO 2 . Clinical grade ≥96 pure human albumin was purchased from Octapharma AB. Initially, we transferred cells from the lines on LN-511 in small pieces from a feeder-cell layer by careful scratching using a sterile knife. Cells were fed once a day with fresh medium prewarmed in an incubator for 1 h, except for the first day after a passage, when only a few drops of fresh medium were added. Cells were routinely passed once every 6-7 d by exposure to TrypLE Express (GIBCO Invitrogen) for 1.5 min at room temperature. They were then washed twice on the dish with the medium, gently scraped, pipetted to break them into small pieces (not a single-cell suspension) and plated in a ratio of 1:2 or 1:3 (up to 1:6 if a large number of cells was needed). Control cells of the same line were cultured on Matrigel (BD Biosciences) in O3 medium as described previously 14 and on mitotically inactivated human foreskin fibroblasts as described elswewhere 29 . Laboratory dishes were coated as previously described 20 . Before use, dishes were prewarmed in an incubator for 1 h and then carefully washed twice with the prewarmed medium.
The derivation and extensive characterization of BJ#12 hiPS cells has been described previously 26 . Notably, BJ#12 hiPS cells were found to express pluripotency markers from the endogenous loci and lack expression of the viral transgenes. The pluripotency of BJ#12 cells was confirmed by in vivo (injection into SCID mice) and in vitro (embryoid bodies formation) experiments. The generation of LDS 1.4 cells will be described in detail elsewhere (E.M.H. and K.R.C., unpublished data). Briefly, fibroblasts were infected with Moloney-type retroviruses encoding OCT4, SOX2 and KLF4, and valproic acid was added during the reprogramming phase to enhance the efficiency. The LDS 1.4 cells showed a high degree of viral silencing (determined by quantitative RT-PCR analysis as described 30 ) and expression levels of endogenous pluripotency genes that were comparable to levels seen in hES cells. When injected into SCID mice, the LDS 1.4 cells gave rise to teratomas that had contributions from all three germ layers.
Laminins and other coating materials. Human recombinant LN-511 was produced in human embryonic kidney cells (HEK293; ATCC CRL-1573) sequentially transfected with full-length laminin γ1, β1 and α5 constructs, essentially as described previously 18 . Human recombinant LN-511 has recently become available from BioLamina. For protein production, the HEK293 cells were cultured in DMEM supplemented with GlutaMax I and 4.5 g l −1 glucose (GIBCO) for up to 6 d. The LN-511 molecules were affinity-purified using anti-Flag matrix (Sigma) as previously described 18 and then characterized using 3-8% (Supplementary Fig. 7 ) and 4-15% gradient SDS-PAGE under reducing and nonreducing conditions. The proteins were visualized using SYPRO Ruby (Bio-Rad) protein staining and immunostaining of the chains on polyvinylidene difluoride membranes. To further characterize the protein, we performed western blot analysis with antibodies against the laminin α5, β1 and γ1 chains. The preparations contained all three chains of the right size, as described 18 . Human recombinant LN-411 was produced in the same way as LN-511, as described 19 . All other extracellular matrix (ECM) proteins were obtained as described previously 20 .
Cell contact area measurement. MaxiSorp 96-well plates (Sarstedt) were coated with ECM proteins as previously described 20 and blocked with 1% (wt/vol) BSA solution. Undifferentiated ES cells were split into single-cell suspension, filtered through a 40-mm sterile cell sieve, plated at a density of 700 cells mm −2 on ECM-coated plates and left to adhere for 1 h at 37 °C. Nonadherent cells were washed away, and adherent cells were fixed for 20 min with 5% glutaraldehyde (vol/vol), washed and stained with 0.1% crystal violet (wt/vol). Photos of six to ten random fields were taken, and the cell contact area of 13-93 cells was measured using Volocity imaging software (Improvision). To measure the cell area of unspread hES cells, the cells were plated on poly-d-lysine for 20 min, fixed and stained as described above.
Adhesion-blocking assay using integrin antibody. Adhesion-blocking assays were performed as described previously 20 . Briefly, plates were coated with LN-511 and blocked by 1% (wt/vol) heat-denatured BSA solution. ES singlecell suspension was incubated with function-blocking antibodies to integrin (concentration as recommended by supplier) for 30 min, plated on LN-511-coated plates and allowed to adhere for 1 h at 37 °C. Unattached cells were removed, the remaining adherent cells were fixed for 20 min with 5% (vol/vol) glutaraldehyde, washed and stained with 0.1% (wt/vol) crystal violet. After 1 h, we extracted crystal violet from cells using 10% (vol/vol) acetic acid and quantified it by measuring optical density at 570 nm.
Assay of cell adhesion to surfaces coated by integrin antibodies. The assay was designed to identify integrin receptors that are expressed in sufficient amounts to retain cells attached to a surface coated with integrin-specific antibody. MaxiSorp 96-well plates (Nunc) were coated with purified integrin antibodies at a concentration of 10 mg ml −1 at 4 °C overnight and later washed and blocked with 1% (wt/vol) BSA solution. ES cells were plated on antibody-coated plates and allowed to adhere for 1 h at 37 °C. Unattached cells were removed, and the remaining cells were fixed, stained and quantified as described above.
RT-PCR. Total RNA was isolated using the Absolutely RNA Microprep kit (Stratagene) according to the manufacturer's instructions. cDNA was synthesized using 0.2 mg of total RNA in a 20-ml reaction mixture containing oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers and Superscript II reverse transcriptase (GIBCO Invitrogen), according to the manufacturer's instructions. To compensate for variable cDNA yields, the amount of cDNA for each PCR reaction was calibrated using the expression level GAPDH as a standard. Amounts of cDNA yielding an equivalent amount of GAPDH PCR product (at 20 cycles; data not shown) were used for subsequent PCR reactions. To analyze expression of different markers of pluripotency or differentiation of hES cells, we amplified cDNAs using primers described in Supplementary Table 2 . To analyze expression of different laminin chains, we used primers from ref. 25 . All PCR reactions were run for 30 cycles (including those GAPDH PCRs that are shown in the figures) and were performed in 20 ml under standard conditions using 1 U of recombinant Taq DNA polymerase (GIBCO Invitrogen). The PCR products were analyzed on a 1.5% agarose gel containing ethidium bromide. For each RNA sample, RT-PCR without reverse transcriptase was performed to confirm that no genomic DNA was isolated.
Immunofluorescence. For immunofluorescence studies, ES cells were cultured and fixed in 8-well slide chambers (BD Biosciences) or 96-well plate wells with 4% (wt/vol) paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton-X and blocked with 10% (vol/vol) fetal bovine serum (FBS; GIBCO Invitrogen) in PBS containing 0.1% (vol/vol) Tween-20 (Sigma-Aldrich) for 1 h. Cells were incubated with primary antibody for 1.5 h at room temperature, and with secondary antibody and DAPI (Molecular Probes) for 40 min. Between incubations, specimens were washed with 0.1% (vol/vol) Tween-20 in PBS buffer three to five times. Specimens were preserved in fluorescence mounting medium (Dako), and observed under a fluorescence microscope (Leica).
Real-time PCR quantification of mRNAs. Total RNA was isolated and cDNA was synthesized as described above for RT-PCR. Real-time quantitative RT-PCR Taqman assays were performed using the Applied Biosystems 7300 Real-Time PCR System. All reactions were done in quadruplicate with predeveloped gene expression assay mix (Applied Biosystems) containing primers and a probe for the mRNA of interest. Additional reactions for each experiment included predeveloped gene expression assay mix for GAPDH, used to normalize the RNA input. All data were analyzed with 7300 System SDS Software version 1.4.
For Nanog mRNA quantification in iPS cells, SYBR green assays were used. In this case, total RNA was purified from each sample using an RNeasy Mini kit (Invitrogen). cDNA was synthesized using iScript (Bio-Rad), and quantitative PCR was performed on an Eppendorf Mastercycler using the HotStart-IT SYBR Green qPCR Master Mix (USB). Primer sequences are available upon request.
Western blot and densitometry analysis. hES cells were collected, counted and pelleted by centrifugation, mixed with nonreduced SDS-PAGE sample buffer to equal concentrations of 2,000 cells ml −1 and sonicated five times for 15 s. Gradient 4-12% gels were used for SDS electrophoresis, and the proteins
